PURPOSE. To investigate the association between myopia progression and time spent outdoors and in various visual activities.
L
ongitudinal studies have found an association between more time spent in outdoor/sports activity and a reduction in the risk of the onset of juvenile myopia. [1] [2] These results are consistent with several cross-sectional studies that have also reported that myopes spend fewer hours in outdoor/sport activity than other refractive error groups, [3] [4] [5] [6] [7] though one study conducted in rural China has reported no association between myopia and time spent outdoors. 8 In contrast, studies of the associations between myopia and near-work activities have produced less consistent results. Two longitudinal studies have not found an association between increased near work and increased risk of myopia onset, while one found a positive association between incident myopia and a child liking to read. 1, [9] [10] Cross-sectional studies, on the other hand, have found positive associations more consistently for various measures of near work where children who are already myopic spend more time in near-work activities than nonmyopes, 5, 6, 11, 12 though the association is not always found to be statistically significant. 13, 14 Many studies have also investigated the relationship between outdoor and near activity and myopia progression after the onset of myopia. One study of myopia progression considered close work, sports, and time outdoors. 15 The overall group analysis did not show an effect of time spent in sports and outdoor activities on myopia progression, but there was a small protective effect when the analyses considered boys and girls separately with 0.23 diopters (D) less myopia progression over 3 years in boys for every hour per day spent in outdoor activity. Increased myopia progression was also found for more time spent reading and performing other close work among girls. In university students, Jacobsen et al. found that increased physical activity was associated with less myopia progression, and hours of study were associated with more myopia progression. 16 A similar association between more time spent reading the scientific literature and faster myopia progression was reported for Norwegian engineering students. 17 A study that examined the relationship between various activities (total near work, total reading and writing, or hours spent outdoors) and myopia progression in Singaporean children aged 6 to 12 years used a nested case-control analysis within a randomized clinical trial, looking only at the spectacle treatment arm (n ¼ 153). 18 None of the activity variables assessed was significantly associated with myopia progression. Tan et al. 19 followed 168 Singaporean children (aged 7, 9, and 12 years) over 1 year. Parents completed entries of their children's activities for every half-hour period in a 24-hour near-work diary at study entry. There were no statistically significant correlations between progression and near work (reading and writing hours, computer hours, reading, writing, and computer hours, and the number of hours for each of these categories within 3 hours of bedtime) in the myopic children. Saw et al. found no statistically significant association in 543 myopic Singaporean children between axial elongation and reading, whether expressed as books read per week or hours per day of near work. 20 The literature, therefore, shows limited support for more time in near work increasing the rate of progression of myopia. The small number of studies conducted in children addressing the relationship between time outdoors and myopia progression suggest either no effect or a small reduction in the rate of progression in boys only. 15, 18 The purpose of the current study was to explore the relationship between time spent in various activities and the rate of myopia progression in the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) Study cohort. Of particular interest was whether the protective association seen between outdoor/sports activity and reduced risk of myopia onset also applied to myopia progression.
METHODS
Subjects were myopic children (À0.75 D or more myopic in each principal meridian on cycloplegic autorefraction) who participated in the CLEERE Study between 1989 and 2009. The CLEERE Study is a multicenter, observational cohort study evaluating ocular component development and risk factors for juvenile-onset myopia in children of different ethnicities. The original Orinda Longitudinal Study of Myopia (Orinda, CA) became the CLEERE Study in 1997 with the addition of sites enrolling African-American (Eutaw, AL); Asian (Irvine, CA); and Hispanic (Houston, TX) children. In 2000, a site to enroll NativeAmerican children (Tucson, AZ) was added. Each affiliated university's institutional review board approved the protocol and informed consent documents in accordance with the tenets of the Declaration of Helsinki. In addition to written parental consent, children provided assent. Only myopic children were included in this analysis of the CLEERE data; these children had at least two consecutive annual myopic study visits (so that an annual progression rate could be calculated) and at least one measure of near work or outdoor/sports activity with a temporally associated myopia progression rate.
Activity data were gathered annually at the same time each year using a questionnaire that asked the parent: ''During the school year, how many hours per week (outside of regular school hours) would you estimate this child: 1) studies or reads for school assignments; 2) reads for fun (pleasure); 3) watches TV; 4) uses a computer/plays video games; and 5) engages in outdoor/sports activities?'' Reported hours per week across all five activities that exceeded 82 hours were deleted (n ¼ 19), because it was assumed that 82 hours per week outside of school were not reasonably available to a child. This maximum value was calculated as follows: 168 (24 hours 3 7 days) possible hours per week, minus an assumed 30 hours per week spent in school (6 hours 3 5 days), and 56 hours were spent sleeping (7 days 3 8 hours), leaving 82 hours for other activities. The range of the excluded responses was 84 hours to 347 hours per week. Over half of the excluded responses were between 90 and 100 hours per week. Diopter-hours were calculated to include the estimated accommodative effort as a result of performing near work at varying distances. This was calculated as a comprehensive near-work exposure, defined as: 3 3 hours of reading þ 3 3 hours of studying þ 2 3 video/computer hours þ hours watching television. 6 Parents also provided information on their own myopia on the baseline medical history form consisting of both parents' year of birth, whether they wore spectacles or contact lenses, and, if so, the age when they were first prescribed spectacles and how they primarily used the spectacles at the time of the survey (distance, near, or both). A parent was considered myopic if he or she used the spectacles primarily for distance or for both distance and near with the spectacles first prescribed before age 17 years. 21 Cycloplegic autorefraction was conducted by certified study personnel with an autorefractor (Canon R-1; Canon, Lake Success, NY; no longer manufactured) from 1989 to 2000 and with a different autorefractor model (Grand Seiko WR 5100-K; Grand Seiko Co., Hiroshima, Japan) from 2001 to 2009. For cycloplegic autorefraction, subjects fixated on a reduced Snellen target through a þ4.00 D Badal lens in primary gaze. Immediately following measurement in primary gaze, the track holding the Snellen target was rotated 308 and placed before a front-surface mirror on the patient's right. Five autorefraction measurements were then taken in peripheral gaze. Relative peripheral refractive error was calculated as the spherical equivalent of the average refraction in primary gaze subtracted from the spherical equivalent of the average refractive error in 308 temporal gaze. For subjects with grade 1 or 2 iris color (in general, a blue or a gray iris, along with a green iris with a lesser amount of brown pigment), 22 testing was performed 30 minutes after one drop of proparacaine 0.5% and two drops of tropicamide 1.0%. When subjects had dark iris color greater than grade 2, testing was performed 30 minutes after one drop of proparacaine 0.5% and one drop each of tropicamide 1.0% and cyclopentolate 1.0%. 23 Ten autorefractor measurements were made according to a standard protocol. 24 These analyses measured refractive error progression by calculating the change in spherical equivalent over consecutive years. Myopia progression was considered to be any increase in the myopic spherical equivalent. For each progression interval (i.e., a year), two sources of activity data were potentially available. Baseline data were the ''before'' values of the very first progression interval. Data available at the beginning of the progression interval were identified as ''before'' data. The activity data from the end of the progression interval were identified as ''after'' data. This means that a given activity measurement could be defined as both ''before'' and ''after'' data for different intervals. For example, if we were to examine progression between year 2 and year 3, then activity data for year 2 would provide the ''before'' measurement and data from year 3 would be the ''after'' measurement. In investigating the progression from year 3 to year 4, year-3 data would now be the ''before'' activity data.
The choice of the most appropriate time point at which to select the activity data is somewhat arbitrary. In terms of potential causality, activity before the progression period would be the most logical choice, while activity at the end of the progression period may better represent more recent exposure or the effect rather than the cause of progression. We chose to use the average of the before and after data during the interval of progression as the primary variable in analyses of progression. If both observations were not available, the subject was not included in the average analysis but still appeared in the before or after analyses, as appropriate. A repeated-measures mixed model approach was the primary method used to analyze the progression data. The basic model included the following covariates: age, refractive error at the beginning of the progression interval, sex, site, an indicator for an autorefractor model change in the year 2001, and interaction terms for age 3 sex, age 3 ethnicity, and site 3 instrument. The predictor variables of average activity data were then added to this base model. Additional models included number of myopic parents and relative peripheral refraction evaluated along with interaction terms with the activity variables. Given that multiple comparisons were made, a P value of 0.01 was used as the criterion for statistical significance. To provide a reasonable estimate of the magnitude of an effect, the results have been rescaled to represent the increment in myopia progression with 10 hours of additional activity per week. All analyses were completed using statistical analysis software (SAS 9.2; SAS Institute, Cary, NC).
RESULTS
There were 835 subjects with both myopia progression data and at least one measure of activity. Their ages at baseline ranged from 6 to 14 years old. Almost 60% of the sample was female (57.2%). Hispanics accounted for one-third of the subjects (31.4%). Asians and Whites were each roughly 20% of the sample, and Native Americans and African Americans were slightly more than 10% of the sample (10.4% and 13.7%, respectively). The average age (6 SD) of myopia onset was 10.4 years (6 1.8 years), and the mean spherical equivalent refraction (6 SD) at baseline was À1.82 D (6 1.06 D). The average annual rate of progression for the sample as a whole was À0.39 D (6 0.32 D). Table 1 shows the distribution of myopia progression between consecutive visits grouped into categories rounded to the nearest 0.25 D. Only approximately 2% of the data represent suspect levels of progression or regression. Table 2 presents the univariate regression coefficients relating activities and myopia progression. The only significant univariate coefficient was reading for pleasure measured as À0.13 D more progression per year for 10 hours of pleasure reading per week. Other forms of near work, the diopter-hours composite variable for near work, and outdoor/sports activity did not have significant univariate associations with progression. Quartile cut points were determined for the observed values of each activity and the average refractive error progression within each quartile was calculated. The means for the quartiles of each activity (6SD) are shown in the Figure  (A-F) . Consistent with the regression coefficient results in Table 2 , hours of reading for pleasure (Fig. A) was the only activity that had a significant univariate association with myopia progression, showing greater progression with higher quartiles of reading (P < 0.0001); however, the magnitude of the difference in progression between the highest and lowest quartiles was small (0.13 D). Overall, the mean progression rate per year across the quartiles for the remaining activities and diopter-hours were quite similar, averaging between À0.40 D and À0.44 D. Table 2 also presents the multivariate parameter estimates for the effect of an average of 10 additional hours of activity per week on myopia progression, controlling for all covariates. The estimates, including reading for pleasure, were all clinically small and not statistically significant at the 0.01 level in these multivariate models. For completeness, Table 2 also has the multivariate estimates (with 99% confidence intervals [CI]) for activities before and after the myopia progression interval. For each activity, the parameter estimates varied little with the choice of time point. The only noticeable difference was the change in the P value for reading for pleasure hours at the end of the progression interval, which was statistically significant though negligible in magnitude.
Interactions between each of the activity variables and age, ethnicity, and baseline refractive error were not statistically significant, nor were interactions with relative peripheral refraction and the number of myopic parents. There were, however, statistically significant interactions between sex and hours of studying (P ¼ 0.003) and diopter-hours (P ¼ 0.001). Ten hours of additional studying per week added À0.09 D progression per year to the myopia progression of boys, while girls had 0.06 D per year less myopia progression. Ten additional diopter-hours per week added À0.02 D per year to the progression of boys, while in girls 10 diopter-hours was associated with essentially no decrease in progression (0.004 D less progression per year).
Based on our sample size, we have over 80% power to find an association with children's activities for a regression slope of 0.01 D (i.e., a 0.1 D increase or decrease in annual progression in refractive error per 10 hours of activity per week) for each one of the activity variables examined. The nonsignificant coefficients in Table 2 are well estimated, typically around 6 0.05 D progression per 10 hours per week of an activity. Axial length changes were also analyzed using models similar to those used for refractive error progression. There were no statistically significant associations found for axial elongation with any of the activities, regardless of the time point chosen (data not shown).
DISCUSSION
In this ethnically diverse cohort of school-aged children, none of the activities analyzed was consistently associated with any clinically meaningful myopia progression. The univariate significance for reading for pleasure did not remain after multivariate adjustment, nor was reading for pleasure consistently related to myopia progression at all time points (average, before, and after). Near work in the form of studying and as the composite variable diopter-hours had opposite effects depending on sex, with more hours increasing progression in boys but either decreasing progression or having little effect in girls. Unlike the association of outdoor/sports activities with the onset of myopia found in our earlier analysis 1 and subsequently by Guggenheim et al., 2 the current analyses indicated no significant association between outdoor/sports activities and the rate of myopia progression. Axial length changes were not related to any of the activity variables. This negative result for axial length, even for reading for pleasure, underscores the lack of meaningful association between these activities and the rate of myopia progression. These differences indicate that factors that affect the risk of myopia onset may differ from those that affect the rate of myopia progression.
Only one study in children has found associations for either outdoor/sports activities or near work with myopia progression, though each was found only in one sex. Pärssinen and Lyyra 15 reported a positive effect of outdoor/sports activities reducing myopia progression in boys. They also reported a detrimental effect of reading and near work increasing myopia progression in girls. They found that an average of À0.18 D progression over three years (roughly À0.06 D per year) was associated with 1 hour of daily reading for girls, but that there was no significant association in the boys. In the current study, there were statistically significant differences for hours of studying and diopter-hours depending on sex; however, both of these sex interactions with near work indicated only slightly more progression in boys compared with girls. These represent results in the opposite direction to those seen in Pärssinen and Lyyra. 15 In addition, there was no interaction between time outdoors and sex.
The protective association found for outdoor/sports activities before the onset of myopia, 1 in contrast to the lack of association after onset reported here, suggests that time outdoors may not exert a general inhibitory effect on ocular growth. It is unknown why this protective effect would not apply to both risk of onset and progression. One would have to propose a complex system for a different mechanism to control eye growth before compared with after the eye becomes myopic. Potential support for different processes driving the onset of myopia and the progression of myopia may be found in microarray analyses done in chicks. Studies have found that there was little evidence of common changes in retinal gene expression when comparing the expression seen at times close to the initiation of the study (perhaps analogous to myopia onset) and those further into the study (surrogates for myopic progression). 25, 26 This variability in gene expression merely raises the possibility of involvement of different processes for myopia onset and progression; further research would be required in order to determine their applicability to human myopia. The possible existence of multiple controllers for eye growth would have implications for therapies. What appears promising with respect to reducing the risk of myopia onset may not be as effective at slowing progression and vice versa.
Negative results always raise issues of whether the study was powered to find the potentially small effect sizes seen in previous intervention studies. Studies have found that alterations to near viewing conditions can affect the rate of progression of myopia by small amounts. For example, the Correction of Myopia Evaluation Trial (COMET) found a threeyear decrease in progression of 0.20 D in the progressive addition lenses (PAL) group compared with the single vision lenses group, an average yearly difference in progression of 0.067 D though the majority of the effect was seen in the first year. 27 A similar study completed in Japan found a difference in the 18-month progression rate between their PAL treatment group and single vision lens groups of 0.17 D (an average annual difference in progression of 0.11 D). 28 Whether these effects are related to hyperopic defocus reduction of accommodative lag or to physical, mechanical effects of accommodation remains to be seen. 29 Whatever the source of these changes in progression, the current study was powered to find effects of this magnitude, but it did not. The current study suggests that reductions in the time children spend in near work are unlikely to have any meaningful effect in slowing myopia progression.
Another potential limitation is the range of outdoor activity present in this myopic sample. The range is comparable with that of the nonmyopes from our paper on myopia onset 1 ; however, the median, the 75th percentile, and the 95th percentile are 5 hours per week greater in the nonmyopes. The results for our myopes were similar to a report from rural China of 6.1 hours per week, 8 but several other studies have reported more activity in samples of children with at least 12 hours of outdoor activity over all refractive groups. 4, 5, 13 We explored whether the levels of outdoor activity reported in our sample were too low to expect an effect on progression.
Our previous work indicated a decrease in the probability of onset even comparing the lowest quartile of activity (0-6 hours) with the next quartile of 6 to 9 hours of activity. Therefore, even small amounts of time outdoors seem to have measurable effects on the risk of onset. We did an additional evaluation of the association between performing at least 9 hours of outdoor activity (the lower bound of the upper quartile of activity in this paper) and onset of myopia and verified that this amount of activity was significantly associated with a decreased risk of onset in a model similar to that used by Jones et al. controlling for parental myopia (OR ¼ 2.67, 95% CI ¼ 1.75, 4.06). 1 It also could be that there is a threshold effect, requiring a certain amount of time spent outdoors to affect eye growth that our myopes have not attained. Using the upper quartile of outdoor activity as a threshold (at least 9 hours) showed no evidence of an association with myopia progression. Likewise, the dose-dependent effect of time outdoors on the risk of onset argues against a threshold hypothesis. The possibility of a threshold requires further investigation beginning with myopia onset.
There are several potential limitations to our study. The survey instrument used to collect the activity information has several potential sources of bias. 30 One relates to parents as the source of information on children's activities, as others have done. 9, 31 Given the age of the majority of children, this is likely to be a more reliable source of data than the children. Another issue is the potential recall bias of a questionnaire. Myopia research has employed other, more time-consuming methods, 32, 33 but comparisons of these more intensive methods to other questionnaires have shown reasonable consistency. Cross-sectional results from other studies have found estimates similar to ours using more complex questionnaires. 4, 13 The question we used to elicit information included sports as well as time spent outdoors. The phrase ''outdoor activities'' may not have encouraged parents to report all types of activity done outside. For example, combining outdoor activities with sports activities may have led parents to only report those outdoor activities that were active, as opposed to sedentary, such as sun-bathing. Guggenheim et al. 2 recently reported that time spent outdoors rather than time spent in physical activity showed the stronger effect on decreasing myopia incidence, though physical activity had a smaller, independent protective effect as well. Rose et al. 13 also found that it was a lack of outdoor activity rather than sports in general that was associated with being myopic in their cross-sectional analysis. As such, our combined question may affect the magnitude of effect that we find; however, our brief questionnaire has been successful in detecting differences in both cross-sectional and longitudinal analyses of myopia onset. 1, 6, 30, 34 The estimates are effects on annual progression associated with an additional 10 hours of weekly activity. The multivariate model controlled for age, spherical equivalent at the beginning of the progression interval, sex, race, site, sex 3 age, race 3 age, autorefractor transition indicator, and autorefractor transition indicator 3 site. * P 0.001
While it would have been useful to be able to assess seasonal progression for differences by time of year, we were unable to do so because the questionnaire was administered once annually, at roughly the same time every year. Parents were specifically asked to estimate the amount of time their children spent in activities during the school year. Evidence indicating that myopia progression is slower in the summer than in winter has been reported (Gwiazda JE, et al. IOVS 2012; 53 :ARVO E-Abstract 2309). [35] [36] [37] Myopes have been reported to spend more time outdoors in summer at similar levels to emmetropes. 38 These findings suggest that assessment of visual activities across seasons may be important.
Proper assessment of visual activity is further complicated by temporal integration of visual signals within shorter time frames than seasons. Small amounts of time spent in unrestricted viewing have strong inhibitory effects when used to interrupt myopigenic stimuli, such as form deprivation or minus lens wear, in species such as tree shrews [39] [40] and monkeys. 41 Additionally, altering the available fixation distance to greater than 1 m and removing the lenses that were creating the myopigenic stimuli has a similar inhibitory effect in tree shrews. 39 Likewise, the introduction of levels of light higher than indoor ambient levels (either higher ambient light or sunlight) has reduced the amount of myopia induced in deprivation myopia studies. [42] [43] Higher levels of light slowed compensation to negative lenses in chicks, 44 but did not prevent the compensation to negative lenses in either chicks 44 or monkeys (Smith EL, et al. IOVS 2012; 53 :ARVO E-Abstract 4659). Some temporal integration effect may also be present in humans, and it is unknown whether different relationships FIGURE. Average myopia progression by quartiles for average activity hours in a progression interval (error bar represents 1 standard deviation).
would have been found if the activities and myopic progression were assessed with finer temporal resolution, either season by season or within the day or the week. Nevertheless, our results indicate that whatever the benefit that may have accrued in summer, more time outdoors during the school year did not affect the rate of myopic progression during the school year.
CONCLUSIONS
The performance of outdoor/sports activity was not associated with the annual progression of juvenile-onset myopia. The number of hours spent reading for pleasure was inconsistently significant with minimal clinical relevance and other forms of near work were not associated with myopia progression in any consistent or clinically relevant manner. Given the results of this study and suggestive evidence from animal studies, research delineating whether factors related to myopia onset are distinct from myopia progression may be warranted. Determining whether a threshold exists for an outdoor effect may also be required to progress towards developing a potential treatment using outdoor activity. Ultimately, a randomized clinical trial of outdoor activity will be needed to verify that sufficient duration of activity is being done to elicit an effect.
